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bettar, but not necessarily much bigger, than those now being developed. 

gSr W.E. MOOOM 

8peCieS irs ah0  current^ engaged in a vast effort to Send 8018 of it8 m ~ m -  

bora t o  the Mxm, The exbterme of this capability and th is  effort  I l lustrates 

t h l e  urge does not eubaide, then so- m a b r a  of this ~pecier muat develop 

the mam to p e 2 8 i t D  anong other thimga, masoneb4 rapid traversal of pro- 

grsssivsly greater diatmcoa. 

and the propuleion p r o b h ,  In tpm, is largely that of providing gnatar 

This problem is l a r e  a propubion p m b l a  - 

of res i s t ive  or retarding forcerr. These functbM of a propulsiosl system 

(changing or  m a i n t a i n i n g  plaolentm) require the expandituFe of energy. If thin 

propulsive energy must be carried by the vehicle, a8 l a  ths case w i t h  naost 

S p t e m s ,  then the mount of marnentum change, or the duration of IWnentuaI 

malnhance, is determined by the form and ammant of the energy carried along. 





be invoked i n d e f i n i t e l y ,  Slogana such as “Let’s beat the ??ussians 04 -Centaur:“ 

nay n d  have the desbed wide appeal uhen the capabiUty i s  achieved. 

t h e  time corns that such trips are hmaxily poselble, it w i l l  also be w i t . h i n  

humsn ingenuity t o  f ind  excellent rea~o118 for undertaking them, 

real or apparent motivations, most people seem to understarid, or feel, that 

But when 

khataver the 

it would be a ser ious betrayal of the hnrasu? spir i t ,  and perhaps a Sjmptm of 

dec l ine  and decay, if the, challsnge of the vast distances or’ interplanetary 



I- - 

by caabustion (even with high-rwr(ll mmtanta, like hydrogen and cq7G:”n:r i s  

not g r e a t  enough, Haw can we increase ‘hb useful energy? To answer %his, 

w e  m u s t  f i rs t  describe what l.8 meant by useful propulsive energy. 

Useful Propulsive Energy 

In space, the only w a y  i n  which forward motion o r  momentum can be generated 

5.8 to e j e c t  something rearward, 

every action (such 88 a forward push) requires an equal and opposite reaction. 

This I s  in accordance w i t h  Newton’s l a w  t h a t  

For m c n h g  a rshlcle on land, we can push rearward on the ground, and for 

beta o r  sir propubion we can push backward on the water or air (with propellers, 

or in the caae of j e t  e@.nea, by Baking the a i r  leave the engine a t  higher 

speed than i t  entarsd). 

along in the vshicle, because there I s  nothing else substantial. enough t o  

push backwards on. 

But i n  spene we must e j ec t  material tha t  is carr ied 

The material that l a  ejected IS quite appropriately called 

the  prope llant slnc. it propel8 tho vbhlcls forward. 

Considering that, for space propulsion, the useful t h h g  is the forward 

push (or thrust) on the vehicle, It 6 0 ~ 1 8  clear that we can get the m08t useful 

work out of each b i t  of propellant by ejecting it rearward a t  the highest poe- 

sible speed, because the faster it leaves, the more momentum It has and the 

more is Imparted to the vehicle by reactioa, 

fore the - t i c  energy of t he  ejectad prope’l’lant, *ah depends only on its 

o x i t  speed. 

Useful propulsion energy is there- 

What limits tha exit s p e d  of ths propsllPnt? P r h a r i Q  tbe energy t ha t  

aan be impprted to tb4 prop.llolt tho psapllriom aptem. For chsplical 

rocketa, a fuel and an axidant 

combustion products reach high 

a m  tunnd in a acmbucltion chamber, where the 

tsapsraturo and pressure. The chemlcal energy 
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has been transfomd coarbusticm i n to  heat energy. To asnvert t h i s  heat 

in-i;o tile uaerul. u r . r ~ y  tf ~ i ~ t i . ~ ,  (1&sttc ens=,--) Z,C ?kfi p r w l . I . ~ n t  [uhf& 

is, in this case, the gamoua products of ccnnbiution), the resulting geses 

are allowed to escape rearuard thrmgb a diverging nozzle, which converts 

heat energy I n to  ldnet lc arrergy. The final exit speed of the gases cmms- 

pcmds t o  a kinetic energy which can be no greater than the initial chemical 

energy of CmibWtkm, and b actually sonmuhat less. Obvlou~l7, it is best 

to use cheadcals w h i c h  produce the mat heat per pound of combustion product. 

w n  and m e n  rank very near the top In this regard, and considerable 

damlopasnt effort  on hydrogen-axygen rockets is ulldemv. 

But, ib we ham seen, men hyhgen-oqgen combustion energy is not  

enough t o  produce the eldt velocitiea needed to undertake manned interplanetary 

missions w i t h  reasonable propsl lant  weight. 

we need higher propellant e j e c t i o n  aped3 than are attainable with chemical 

energy, There are two alternative energy source81 nuclear sriergy and so la r  

enera, 

To reduce the  propel lan t  weight 

H o w  can these be used tc e jec t  propellant a t  higher velocities? 

Pmpellant Heating Systems 

One w a y  is to m e  these energy sources to heat +he propliant  to higher 

levels  than is possible  w i t h  c h d c a l  energy. 

in f ac t ,  underway to p m h c e  a nuclear rocket  in which hydrogen is heatad by 

p a u s h g  it through tiltrm in a n w k a r  roactcr. 

is ?ISG p c s s i b l e ,  al thcu& the collvctor xmeded t.o concentrate enough sol.ar 

anergy (sun light) ter-ds to ba q d t e  huge. In these heating metnods, the 

enPrr j -addi t icsn limit is the temperature achievable ~n the kAestliig ~ U W Y  

v I t 1  (jll% s o f t m i n g  o r  mel t ing  t h e n .  

A major development program is, 

h eolar-hsated hydrcgen rockfi t  

hydrogen is the  k e s t  p r q e 1 i u : t  to use 

.: ,i I ,  A:.F ~ r ? i +  i p p  schwiles, v c a : > s r  it ! T ~ >  trle l a r g e s t  2rAeykT ktdi  ;ieat,ed 

. > '  1 .  ' ? > .  +FTr.;vr2T 



can be attained thrn wlth chu lca l  x m k e t s .  Th. energy in e w h  b l t  of pro- 

pullmt can be <FrrQypl.d, and th4 axlt rrlatI* of the propellant C U I  be 

about doublad, kfon M e  temperafurcr U t  of the heatar is reached. Thie 

energy of chemical roactlons in the c u e  of the W e a l  rockets, and by the 

temperature of the heater naterials for the nwlear or soLar hydmgmn-haating 

speed even more? The e lectr ic  rocket is me QMVB~. If an electrm b ranwrsd 

from each atom of the propellant,  then each atan Will have a positive electric 

charge (thereby becoming a pos i t ive  e). 
an electrically-charged par t i c l e  is a voltage. 

A l l .  that iS needed to accelerate 

Therefore, by applying the 

proper voltage, we can accelerate ths propellant particles to any exit speed 

that we may desire. Or, by m a b g  an electricdly-conductng gas (plasma) out 

of t h e  propellant, w e  can acclerate it w i t h  an electric c u r r e n t  and a eugnrtla 



f ie ld ,  i n  the same w a y  tha t  s o x d  eoolbuetora are moved in an ordinsry electr lo  

I It would seem, then, t h a t  w e  uan reduo. tho amount of propellant needed 

I fo r  space misslone t o  very small amaunts indeed. Thia I s  quite true, but there 

is j u s t  one problem - the electrlu parer-generating equipnent must be camled 

along. For an e lec t r ic  pawerplant, the maximum number of kilowatts genwated 

is fixed. To increase the propellant fudt  speed, fibrefore, we must put more 

and nore kllowa+,ts into less and less propellant. 

Thrust and Power Rslationa 

We need three equationa t o  show what happens. The first is the equation 

for  thrust, 

* V  0 

T h r u s t  - w p S  = wP1 (1) so 
0 

where 

The quantity vp is the propellant ejection velocity, and I s  the gravlta- 

t ional  acceleration constant (980 cm/sso2) which re la tes  m a ~ 8  to  weight. 

Wp i s  the propellant flow rate, in uni ts  such aa grama per ~econd. 

"he 

quantity I 

merit of a rocket. 

glrren propellant flow r a t e  Wp, 

i s  called the speciflo impulse, perhaps the most camnon figure of 

It is  a measure of the amount of thrust produced by a 
0 

and I s  d i r e c t l y  proportional to propellant 

e3ect. i  on vel-ocity -: (I = V J 4 .  t P 
The second equation i s  for the parer in the ejected propellant ( a l s o  called 



Combining equation (1) and (2)  a-6 the third equation of interest: 

t,bse equations, w e  see tha t  required power (eq. (2) )  goes UP as 

the square of the propellant velocity, while thrust  (eq. (1)) goes Up oplly 

as the f i r s t  power of propellant velocity. So we f i n d  (eq. (3 ) )  that for a 

fixed power, the thrust m u s t  go dam a propellant ejection velocity (or  

specific impulse) goes up. 

Optimum Specific Impulse 

This r e su l t  can a lso  be s ta ted as follows: .Although the propellant weight 

can be reduced by increasing the ejection veloalty bdeflnitoly, the e lec t r ic  

power required for  a given thrust goes up, and the required parer-generating 

system the=by g e t s  larger and h e a v i c r . G a t  must be done is  t o  f ind the pro- 

pellant ejection speed (specific impulse) f o r  which the sum of the propellant / - 
veight needed and the weight of the electr ic  power generating equipment i s  

mir.imixed. 3 This ejection velocity w i l l  yield the greatest t o t a l  amount of 

p n e r p  per -.nit weight ,  and the l e a s t  total  weight f o r  the mission. It turns 

;ut, that,, f o r  the l ike ly  missions and powerplant weights of the future, pro- 

pellant veloc i t ies  of 1 tn 10 million centimeters/sec are desired. These 

-.vlocf:i-e.I: ccorrsspnnd 50 specific impulses of about loo0 to 10,oOO seconds, 

7: cornparod +c' the I1C;G seconds typical of high-energy chmical  rockets, and 



than the sa- a propellant weight. nissian etudioa have shown that, for  

a nrraMd expedition to Hars, then i. a net grin omr nuclear rockets in usef'ul 

l o a d - c u r y l n g  ability if an eleutric rocket can be demloped w i t h  weight less 

than .bout 10 Uogrars for each kilamtt of Jet power produced. "his number 

i r  cal led tho 8pcbcUiC Wright of the electria pmpulslon system and is am of d 
J 

Dstailed weig;ht studies indicate that - Its -8% important flgurea of d t .  

5% should be poeslbls to build eleotrlc propubion syatmm with specif'ic 
r -  

now only in the c o n u e p t d  r-. 

weight of only onehalf to one n.l.ll.ior~ paunds in a lar orbit around the earth, 

( A  filly-loaded Jet linsr, by cemparbm, weighs about 320,000 pounde). A 

amceptual design of such a vehlcle ia sham in f igure  1, It could be launched 

into  orbit by two to f o u r  of the Saturn-5 laumhing rockets  nau under develop- 

there would be no wed to build launching ~ a N c l e 8  larger than, at  most, four 

times the size of Saturn-5, With some capability of orbital assembly, Saturn-5 

would be q u i t e  adequate fo r  launching manned interplanetary missions. 

b f l l i o n s  of dollars which would bo required to develop largsr launching vehicles 

The 

-mi i h ?  ezt,rmely cumbersme fac i l i t i es  to P-andle  them, r ~ u l d  then be used for 



other pur-poses. 

In ~ ~ b i t i 0 7 i  b grcai*q ~ e 4 i i ~ i i i i  &he ;,vqAhc!e PZC! nnRt of "&e boofitam 

fo r  fuil-scale w i n e d  planetary axpsdit.tone, developwent of atlequately 7AghC,- 

keight w,d reliable e l e c ^ d c  prorpuhim systsms would aimpllfy the ?inma?mi 

aoientific probing of a l l  ragions af our solar s y s t e m .  This 'Is i l lust rated 

5n Table I, wbre the payload that can be carried to various destinations is 

campand far thmo space vahiclee, m e  propelled by electric  rockets ( w i t h  

two different  specific weights), one by ti nuclear rocket, and one by chemical 

rocket8 us- hydrogen-oxygen proyeUant. "lie table show that the nuclear 

and chssaicallppropelled vehicles, even though they are much heavier than the 

e lectr ica l ly  propelled vehlole, could successfully carry  ou t  only p a r t  o f  the 

desirable solar-eystem exploration missions. The electric *rocket vehiclo has 

enough payload far all of the missions shuwn, and could be launched by the 

medim-s ized Saturn-lR rocket now under d e v e l o p m t ,  while the nuclear and 

chemical-propelled vehicles would require 61 much larger  booster. 

therefore, a strong incentive to develop an electric propulsion systsllp in the 

weight and power range indicated by Tabla I, BO that the number and s i z e  of 

vehicles that must be developed to accorapllsh the h a i r a b l e  sc ient i f ic  probe 

missions +Aoughout the s o l a r  system can be reduced. 

There is, 

Developent of Electric Propulsion S y a b r m  

&at is &*e prognosis for  aucceesrul dewlopent,  of e lect f ic  propulsion 

Sys%enis in the sizes  and w e i g h t  ranges needed? 

SUCCPSE is ;cssik;?,  Mcst angineers m d  s n i e n t i s t s  in the business believe 

t h z t  sw:'es; cr~ll liltSm.at,ely be achieved, but t he  estimated times r equ i r ed  

As yet, nc c lea r  gusrantee of 

2'- ,~ I,.-* C. ' 2  ,"fW y ' T r :  :'- ,I r" +,hm f i f t e m  yeais .  The major  unresolved 

. -oblw:, .I. t,r,e ;el r ~ ; o r w - ' ,  -." .~iii'JaLle e l e c t r i c  power renerating systems. 



The stat- of the otlsr Wor carpcma;lt, the ~ r w t a r ,  *which uses +h el=- 

'ixicz; w-isr to =$st t!! g~apsllmt, U fairly goad. 

ccmfidence that thrustore w i t h  adequably high efficisnay, law wsight, long 

l i f e t ia s  and reUabiUty for intsrpluwtaq rdsaions can be developed in the 

xuxt few pare, even though there is still a p e a t  deal to be &ne to iPprwe 

all of these perfonuanea aatsgorisr, 

T b i =  i . ~  ~ ~ ~ ~ i d e r & &  

s u b u  of Thryetasr 

The ulthata baris for thI.8 relatively high oonfidanae in the 8ucce88 

of thruatara iS that a number of ion accelerators with characteristics 8ln1lla.r 

to those needed f o r  mission appllcatilcm have been conceived, designed, built, 

and extensively teetad in vacuup u h r k r s .  Their operation, perfoxmanos, and 

problsaps are aonaaqucme quit0 w e l l  undsmtood. The amst successrul of tho 

icm thruatora so far dsveloped is one conceived and investigated at the NASA 

h i s  Research Cunter (referame a). Wcr thrustar (illuutrated in f lgure 2) 

icmlzea the propellant atom by baPbarding the propellant vapor w i t h  electrons 

in the ionization chsmber. 

chamber t o  d e  the electron8 s p h a l  around m W e i r  way t o  the chamber w a l l ,  

thereby increming the probability of co l l i s ion  With yrapellmt 

resulting propellant iona are extracted from the chaaber by was of an acoelerating 

grid, to which an appropriate voltage ia appllad. 

I n  t l ie io2 bean, provides the electrons meded to neutralhe the ion beam BO 

that i t  does no*, break apart  due to mutual repulsion of the U k e  charges, and 

d s o  s o  %hat the vehicle will not accumulate a n e t  negative charge. 

A weak m a g n t i u  f i e l d  ia provided in the ionizatim 

The 

A second electron emitter, 

Other i o n  thrustom, using a technique c a l l e d  contac t  ionization (rather 

-xfic t XI; xmSarcfn;ent ionization) l- >-re schieved corcparahle perfonname 

3 + t n s k - v s  *&e cesium as y r o p e l l a . t ,  +cause c e s i m  I s  t l c  m o a t  



Briof spaoe fl ight teeta of these thrtaetors an planned for this year 

to yorlf'y that actual perfomaxme In apaae b the amm 84 that obtained in 

of parer) are under &relopt.Ilt to beme another function, namely, to maintab 

#e poeitlon and orientation of  nuelm -6 of satellite (oollmunicatlon, 

weather, aatronmdcd) for lang perioda~ of tiu. 

suited for this iunctian, because of their maall thrtzat and very low prop.llant 

Ion thrustom .re idbal ly  

o w ~ t i o n  rata. 

Othor e h c t r i c  thnrstoorr are current ly  be- akrdled w N a h  it i r  hoped 

will either cover the lawer range of Fopellsat e3ectiaP mlocitieo (cum to 

flvs million centimster/aso) at  higher efficiency thsn is poeaiblr w i t h  Ian 

thrusters, or will increme the thrunt att.insbl.a with a gimn thrmstor rise 

and weight, 1) ehotrothermal thrustore, whish 

uae the electric  power to heat the  propellant, 2) p l m  thrusters, w h i c h  gen- 

Them other type8 consist of: 

erate and accelerate an elsctrically-conducting g-8 and 3) Uouoidal particle 

thrusters, which a r e  l ike  ion thrustnrs, but use charged particles that are 

much heavier than atanic ions. 

The reason t ha t  atomic ion thrusters beconm less e f f i c i e n t  in the lower 

range of ejection velocities i8 that a cer tah  fixed amount of energy i s  re- 

~ ~ ~ i i ~ ~ ~ +  +.o s t , r lp  an electron f rm the atom. If this non-usem energy is  
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large canpared with the useful onerm (e j ea t im  veloul.t).) tiha the efficianoy 

of converting e lec t r ic  p e r  ht0 j o t  power I s  law. 

velocit ies required for sum m b a b  ( s p e a l f b  hpul8err of -i.GX w 

seconds), the efficienuy of ion tbrurstora is therefore rather low; whereaa 

at higher eJection relacltles, the useful energy beuams much l a r g e r  than 

the ionization energy, and the efficiency ~ ~ 6 .  

A t  the lwer ejection 

A t  the lower exlt velocities, the efficiency a m  00 be Improved by: 

1)  reducing the ionisation energy required 01: 2) increasing the useful energy 

per charged particle,  a t  a given v s l o c i ~ ,  by increasing its mass (colloidal- 

par t ic le  thrustor). Both approachea are being lnrestlgated. The electro- 

thermal devices reduce ionisation ariergy by not requiring Ionization a t  all, 

but simply heating the propellant and fmlng' it out through a nozzle, in the 

wual chemical o r  nuclear rocket ~narmor. 

interest ing range of specFflc bqxlae, fraa lo00 to  pe*ap 2ooo seconds. 

This ia posalble cmly i n  the lowest 

The 

reason tha t  it is possible to  add amre heat to tha propellant e lec t r ica l ly  

than in a nucledr rocket is that  the propellant can be heated directly by an 

e lec t r i c  arc discharge, which is hotter than the temperatures t h a t  can be 

tolerated by s o U d  tubes or  chamber weuSo 

Although the electrothermal thruators do not require ioniaat im,  there 

are other power losses which U t  t h e  e f f l ~ l e ~ ~  SQas of the energy goes 

into breaking up the propellant atom and m ~ l o c ~ l ~ a ,  and aom Ionization La 

obtained even though it i s  not desired. 

trothermal thrustors, although uaeable, I 8  not &a high in th is  lower 8psciriC 

h m q u e n ~ ,  the efficiency Of ebc- 

sponsored by NASA and the Air Fome, usd 0p.naN U d W  WPe- 

attainable wi th in  a f e w  years, 

be 



mlteg. ar by redudng the dlst.ncm botuwn t& accelerating electrodo and 

tho im ~ourao. The roltcy IE a p p m t e l ~  f b e d  by the desired eJection 

-1Oaity (spoaiiro m o ) ,  aad the aacelerator s w i n g  amnot be reduced 

below a eertaln UIlit without mcounbrbg sitbor e lectr ica l  breakdown (6park- 

demonstrated. 

Statue of Power bnaratian Syataars 

For use with electric  thrustor8 form 8 primary pIppUbiOn S y S h  for 

interplanetary missione, the electric power generation system must fulfill the 

following requirements t 

1) Operate in space 

2) Operate for continuous periods of a year or more 
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3) Ham low specific wolght, (preferably 108s than 10 kilogrrar 

per Hlouatt) 

4) Have total e lea t r ic  power output in the range of several hundred 

to  aeveral thowand kilowatts 

The f i rs t  requiremnt immediately p e s  two ra ther  8evbro problems: a) 

them l e  no way t o  get r i d  of w a s t e  heat in sploe sxaept to radiate it away, 

and b) there are microsasteoroida in space eapablo of puncturing thin, llght- 

weight containing walls. 

straightforward w a y s  to  generate large amounta of electric power in space is 

rlth a nuclear turbo-elsctric syatexn (oil i l lustrated in flgure I). 

tom8 are naw in m c c e s s ~  O p e r a t i o n  on Wth, u 8 b g  high-pressure 6teaDl 

(generated and heated by a nuclear react6a’) t0 dri\rs a turbine, which 

drives an e l ec t r i c  generator. 

great  deal of exce88 heat which must be removed, and the steam muat  be re- 

condensed into water. This heat I s  usually romvod by us- cooling water 

from a nearby river. I n  spaae, w i t h  no rinre or eren cooling alr arailablo, 

the required heat dispasal would be acccaapll8h.d by peS8ing tho steam through 

a radiator, consisting of a large array of tube80 Radiation of heat at  s t o m  

temperature, however, is not effective enough and would require much to0 large 

an array of tubing to achieve the specific weight goals. 

temperature, i n  the vicinfty of U0Oo F or  moro, is needed t o  reduce tho radiator  

size and weight enough t o  achieve specific weights near 5-10 kilograms per 

kilowatt. 

power generation cycle, w e  must use something tha t  vaporizes and reconden806 

at  much higher temperatures. The only  good prospective t t f luldstt  turn out to 

be alkali metals, such as sodium and potassium, which m e l t  and vaporize in 

Problem (a) i a  botht~rsana beaause one of the most 

Such By6- 

turn 

The steam leaving the turbine still has a 

A much higher radiator 

This means that, instead of using water a6 t he  working f lu id  in the 



matariala , 
probllsa (b) ia related ta prcblra (a) t a w @  the radiator, due to iU 

lrrrgm area, is part iup lar ly  vulnarabla to puncture by miarmotoopzoids. 

working fluid cannot ba a l l r m d  ta leak out, boause only a Uarited amount 

of it can be carrid aloag. 

Tho 

Fortunately, raaont data on the micrometeoroid 

hazard lndiaat. that radiator tub th1cknmsa.r that are needed for rea8ona 

of strength paqv ahso ba rdtquat. to r d w e  tbs probability of puncture 

micradeteoroido to a negUg#la value. 

w e i g h t  in amor or b r e w e d  thlckno6a may be required. 

If th3.a is verified, then no additianal 

Requirement number two, cmtiaoaas operation for periods of a year or 

more, hposes, f o r  the nuclear turbo-electrle system, aevere problems of m- 

l i a b i l i t y  and durability nith high-taaperature qystAIS oontaining oorrasive 

materials and Ngh-syeed rota- x t u c u r ~ .  

severe for manned than for unmanned miaslone, since th9 craw can pmtmably 

undertake minor repair8 in case of non-aata8trophic failures, Horeter, the 

corrosion and w e a r  problems m u s t  be solved before feasibility of such S y S b n U  

The problem is Wrhaps less 

It m a y  be advisable to digress a bit to explain the need f o r  such long- 

t h e  contincous operation. 

w i g h t  of electric propulsion syrjtew, ir, +vem of kilograms per j e t  kilawatt, 

Basically,  it i a  required because the specific 

is much h ighe r  than for chend.cal o r  nuclear rockeb ,  in faot, more than 

t b i e s  as high, Thus, even though the total useful energy p4 r unit w . i g h t  i. 

higher  for e lec t r ic  propulsion, it raust be =leased at a much slaver rate to 

maintain reasmable propulsion system weight. Thi8 kw rata Of enerw relSrm, 



is t o  be used to transfer tb heat irOa the nwhar  reactor t o  the potPrslulrO 

The two-loop system avoids the problsmrs of actual ly  boiling and vapodrbg in 

the reactor i tself ,  since l i t h i u m  remains l i q u i d  at tha Ngheat temperatma 

of the cycle, 



In a43 i t ian  to the SNAP-% pragrea, axtRpsive research ai high-+mratuii+ 

m8Lk?I-i&# ~ c r ~ ~ ~ ~  0 md a@&, u u  --a UIP -**lt4+.iir?n US-"---- of other pmbl- 

related t o  nuclear turbo-alectr ic  parer generatim ore being sponsorad by 

NASA, the Air Foms, and the A t a d c  Energy Caneriesian, 

nology program8 should brd t o  parer generatian aptem8 uhich meet the fm 

requirements statud at t b  beglrmhg of this sea ti^^. 

O t h e r  Power Owmration l4othodr 

In the meantbe, a number of preaSlng inpowmenta and alternative 

"bse advanced tech- 

methods of meting the elmtrio propulaIan p e r  requirsrrnt are being atudied. 

~ One method, -ah is clweu relatsd to tbs l iquid mtal naclear-electric eys- 

tam pre~oualy dmocribed, o o ~ l s t a  of us- a nacl-mmtbg gm, such M argon 

or heurn,  instead of the liquid-vapor cyule. 

temperature corroeicm problem, but requirerr a larger radiator for the B ~ U J  

maximum cycle teraperaturs. Tho overall speciilu weight is therefore him 

than for the l iquid metal rapor cycle. 

This mthod ellminates high 

A pnmiring method ai& eUainate6 all xptaung equiprSnt I s  Ure 80- 

In this laethod, cal led xmgnetohydrodpamlo (XHD) power generation methad. 

the turbine and generator of the previow ayatan~a are rephod by a &&ut 

surrounded by an etlectramagnet, The hot vapor of the working f l u i d  l a  8amB- 

how made e lectr ica l ly  conducting end Is forclod through the duct and its mag- 

netic  *field. 

conductors (copper wires) in an or- e lectric  gemerator, and a voltage 

and current are produced in the vapor as in the copper Wims. 

generated power i s  thus obtained with no movFng parts  in the system except 

the workinp f l u i d  i t s e l f ,  

h t e d  t!iroiqh the rsactor by an electromagnetic pump which, a g a ,  has no 

I f  "his nethod turns ou t  to be successful., the problems of 

The conductive vapor In e e m  #.Ne8 the function of the s o l i d  

The r e o u l t h g  

After condensation i n  the radiator, it is  reclmu- 

ov57,~ tartA?. 



bearings and seala for hlgh-tamporature, high w e d  turbines and generators 

#c*a& sf: +-+*de F!&&a-**8 FA@-+. hp pRr!fhd@ to prate et, s m -  

what higher tenqmratures than w i t h  thb turbo-generator, thereby reducing the 

apeciflc we ight .  

Anoth4r method for eliminating rotating oqulpmmt coneist  of us3hg di rec t  

conversion of the reactor heat into electr ia i ty .  Thia can be accappllshed by 

bullding thausmds d t h e m i a n l o  o . u S  into tho reaator l taelf ,  A thenuIonic 

cell consieta b a a i w l l y  of a hot el-t and a oooler olerent. The hot elanent 

has tlu proport;). tha t  oleotrons, the fundaarsntal particlea of an 8leCtXiO cur- 

rent, are boiled off a t  tho teqeratures attatnablo in the reactor. The80 

electrone ham enough energy to tram1 rrgaixmt a anall voltage t o  the cold 

element. The cell t h e w  produaea an olea t rb  aurrent a t  a smal l  voltago 

(of the order of 1 volt). 

slceable power can be gemrated. 

E)y  connacting q af these elemnta togother, a 

Diff icul t ies  wlth nwlear t h e n r b d a  power generatdon include the actual 

*sign of a reactor containing thmpnb of th.so ae l l .~ ,  ea& with e leo t r iaa l  

connections, coolant flow over the cooler elmmnt, and very close spaaing be- 

tween elements. The problems appear formidable indeed. Mountlng the thermldc 

cells outside the reactor, With heat carried to them by a l lquld  metal, l a  an 

dternative approach, but ia not aa prd.8hlg with regard to poSSible S p e d f l C  

weight reductions. The MHD tiyetem would probably be preferable, ii it worked, 

because of its more rugged nature and sizeable voltage output, 

The preceding systems a l l  are modlficationa and possible improvements of 

the basic nuclear reactor thermodynamic cycle approach to power generation. 

h e  poss ib le  subs t i tu t ion  is the use of so la r  parer batead of a nuclear reactor 

-I :ne same syst,ems, There appears t o  be no real advantage in such an approach, 



_- 

in that the same hlgh.temPperature and other problem exist. 

iioulii ‘je e-tion of h nuoiear reactor w i t h  i.i;s nannful radiation 

and need fo r  radiation shielding. 

very large, extmnmly l i g h t r e i g h t  aolar oolleotar, uhich would concentrate 

and focua the solar rays an a heater. 

weight appears l i k e l y  f m a  this approaah. 

The mly benefit  

Substitute problems would be the  need f o r  a 

Little, if any, improvement In specifio 

There is, hwerer, 8n attracrtive pos6iMUty in the use of solar energy 

that  could ellninote the radiator, turbine, generator, pumps, worldng fluid,  

and heat exchangers, aa wall aa the nuclear reactor and ehieldhg. 

the poesibi l i ty  of wing thh- f i la  photovoltaic C B U 8 .  

used extensively on a wide varietJr of satall ite and apace probes, but thay have 

so far been much too heavy and expensive t o  be considered far the hundreds of 

kilowatts needed fo r  e b u t r l c  ~opul.alcm. Recently, however, It h a  been 

found that solar c e l l s  can be ared. by coating thin s o l i d  layers of material8 

such as cadmium sulfide on a suitable thin substrate (reference 21). 

su l t ing  cell is flexible, quite rugged, and msiatant to radiation damage. 

A s  in other photovoltaic cells, a voltage is  generated sinply by the actioll 

of light rays on the c e l l  surface. 

35 kilograms per kilowatt, which I s  still s d a t  too high for major e lec t r ia  

propulsion applications, but indications are that specFflc weights of 10 Mlo- 

pans per kilowatt or Lest3 may be attainable. 

i s  that of mounting the c e l l s  on a suitable inflatable structure f o r  imfurURg 

after launch into space. The size will, of course, be quite large - of the 

order of 500 square f e e t  per kilowatt of e lec t r ic  p e r  produced - but t h i s  

problem appears simple re lat ive t o  those of the nuclear turbo-electric system. 

This ih 

Solar ce l la  have been 

The re- 

C u r r e n t  uelghts of these ce l l s  are about 

If 90, the anly real problem 
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